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ABSTRACT 
I n t e g r a t e d  ice t h e r m a l  s t o r a g e / s p r i n k l e r  
HVAC s y s t e m s  d e v e l o p e d  and  a p p l i e d  by t h e  a u t h o r  i n  
s e v e r a l  commerc ia l  a p p l i c a t i o n s  s h i f t  a  m a j o r  p o r t i o n  
o f  e l e c t r i c  u t i l i t y  demand t o  c h e a p e r  of f -peak  h o u r s ,  
w h i l e  a l s o  r e d u c i n g  s i g n i f i c a n t l y  t h e  f i r s t  c o s t  o f  
d i s t r i b u t i o n  duc twork .  S a v i n g s  of  up t o  80% i n  p r i -  
mary d u c t  and a i r  h a n d l e r  c o s t s  (compared t o  a  t r a d i -  
t i o n a l  a l l - a i r  HVAC s y s t e m )  p a r t i a l l y  o f f s e t  t h e  
f i r s t  c o s t  o f  i c e  s t o r a g e  e q u i p m e n t ,  which i n  t u r n  
p e r m i t s  a  50% r e d u c t i o n  i n  u t i l i t y  e n e r g y  c o s t s  f o r  
a i r  c o n d i t i o n i n g  i n  some f a c i l i t i e s .  
The b a s i c  i c e  s t o r a g e / s p r i n k l e r  HVAC s y s t e m  i s  
d e s c r i b e d  a s  w e l l  a s  o p t i o n a l  s u b s y s t e m s ,  s u c h  a s  co- 
g e n e r a t i o n ,  t h a t  a r e  c o s t - e f f e c t i v e  u n d e r  c e r t a i n  
c o n d i t i o n s .  The s y s t e m ' s  d e s i g n  p a r a m e t e r s ,  psychro- 
metric p r o c e s s ,  and thermodynamic c h a r a c t e r i s t i c s  a r e  
p r e s e n t e d  and two i n s t a l l a t i o n s  a r e  d e s c r i b e d ,  a 
223.000-sq f t  s h o p p i n g  c e n t e r  and a  150,000-sq f t ,  
two-s tory  retai l  s t o r e .  
R e d u c t i o n s  i n  t h e  s i z e  and  f i r s t  c o s t  o f  p r i m a r y  
a i r - h a n d l i n g  equipment  and duc twork  a r e  a c h i e v e d  by 
d i s t r i b u t i n g  a s m a l l  q u a n t i t y  (0 .1  t o  0 . 2  c f m / s q  f t )  
o f  v e r y  d r y ,  40°F p r i m a r y  a i r .  A l l  d e h u m i d i f i c a t i o n  
is handled  by t h e  i c e - c h i l l e d  p r i m a r y  a i r ,  which is  
d i s t r i b u t e d  i n  v a r i a b l e ,  volume, d e t e r m i n e d  by t h e  
s p a c e  d e h u m i d i f i c a t i o n  r e q u i r e m e n t ,  t o  f a n - c o i l  
i n d u c t i o n  t e r m i n a l  u n i t s .  The p r i m a r y  a i r  i s  mixed 
w i t h  fan- induced  room a i r  i n  t h e  t e r m i n a l s  p r i o r  t o  
d i s t r i b u t i o n  t o  t h e  s p a c e  a t  a  c o n s t a n t  volume. The 
f a n - i n d u c t i o n  t e r m i n a l s  c o n t a i n  c o o l i n g  c o i l s  c o n n e c t -  
ed t o  t h e  i n t e g r a t e d  s p r i n k l e r  s y s t e m ,  which c i r c u -  
l a t e s  c h i l l e d  w a t e r  f rom t h e  c e n t r a l  p l a n t  t h r o u g h  
t h e  c o i l s  when a d d i t i o n a l  s e n s i b l e  c o o l i n g  is r e q u i r -  
e d .  T h i s  c h i l l e d  w a t e r  is a t  a  t h e r m o d y n a m i c a l l y  
e f f i c i e n t  e l e v a t e d  t e m p e r a t u r e  (58-68°F). s i n c e  i t  
h a n d l e s  s e n s i b l e  c o o l i n g  l o a d  o n l y .  
INTRODUCTION 
The  e n e r g y - i n t e g r a t e d  ice s t o r a g e  HVAC s y s t e m  
d e s c r i b e d  h e r e  h a s . b e e n  d e v e l o p e d  and a p p l i e d  by t h e  
a u t h o r  i n  s e v e r a l  commerc ia l  i n s t a l l a t i o n s  i n  o r d e r  
t o  r e d u c e  t h e  HVAC s y s t e m  l i f e - c y c l e  c o s t .  V a r i o u s  
c o s t - c u t t i n g  t e c h n i q u e s  and s u b s y s t e m s  a r e  i n c o r p o -  
r a t e d  based  on t h e i r  c o n t r i b u t i o n  t o  ( a )  thermodynam- 
i c  e f f i c i e n c y ,  t o  a c c o m p l i s h  a  t a s k  w i t h  less e n e r g y  
i n p u t ;  ( b )  s h i f t i n g  u t i l i t y  e n e r g y  demand t o  o f f -  
peak h o u r s ,  when l o w e r  r a t e s  a p p l y ;  o r  ( c )  r e d u c i n g  
f i r s t  c o s t ,  s o  t h e  s a v i n g s  c a n  o f f s e t  i n v e s t m e n t  i n  
ice s t o r a g e  equipment .  T h e  s e l e c t i o n  and i n t e g r a t i o n  
o f  t h e s e  t e c h n i q u e s  and  s u b s y s t e m s  is g u i d e d  by a n  
a n a l y s i s  o f  e n e r g y  f l o w s  t h r o u g h o u t  a f a c i l i t y  - t h e  
t e m p e r a t u r e  l e v e l s  a s  w e l l  a s  q u a n t i t i e s  o f  e n e r g y  
r e q u i r e d  t o  a c c o m p l i s h  t a s k s  - and  by t h e  u t i l i t y  
r a t e  s t r u c t u r e .  P e r f o r m a n c e  cr i ter ia ,  n e v e r  sacri- 
f i c e d ,  i n c l u d e  p r e c i s e  h u m i d i t y  and  t e m p e r a t u r e  
c o n t r o l  and  a c o n s t a n t ,  u n i f o r m  a i r  f l o w  t h r o u g h  
o c c u p i e d  s p a c e s  t o  a s s u r e  good v e n t i l a t i o n  and  a i r  
q u a l i t y .  
I n  most  p a r t s  o f  t h e  w e s t e r n ,  s o u t h e r n  and n o r t h -  
e a s t e r n  s e c t i o n s  o f  t h e  c o u n t r y  e l e c t r i c  u t i l i t i e s  
o f f e r  r e d u c e d  r a t e s  d u r i n g  o f f - p e a k  ( n i g h t )  h o u r s .  I n  
many a r e a s  t h e  p e n a l t y  a p p l i e d  t o  peak d a y t i m e  demand 
i s  q u i t e  s e v e r e .  I n  W e s t m i n s t e r ,  C o l o r a d o ,  f o r  
example ,  t h e  u t i l i t y  demand c h a r g e  is $11.84 p e r  KW, 
w h i l e  t h e  u s a g e  c h a r g e  is 2 . l e  p e r  KWH. An i c e  
t h e r m a l  s t o r a g e  c a p a c i t y  e n a b l e s  a  f a c i l i t y  t o  u s e  
u t i l i t y  e l e c t r i c i t y  a t  n i g h t  t o  make i c e ,  which  is  
t h e n  used  f o r  d a y t i m e  c o o l i n g .  
D e s c r i b e d  below a r e  t h e  b a s i c  i n t e g r a t e d  ice 
s t o r a g e / s p r i n k l e r  s y s t e m ,  o p t i o n a l  s u b s y s t e m s ,  and  
two a p p l i c a t i o n s  - a  223,000-sq f t  s h o p p i n g  c e n t e r  
i n s t a l l a t i o n  and  a 150,000-sq f t  retai l  s t o r e .  
INTEGRATED ICE STORAGE/SPRINKLER/VAV INDUCTION 
TERMINAL HVAC SYSTEM 
Ice s t o r a g e  is i n d i c a t e d  w h e r e  t h e  u t i l i t y  r a t e  
s t r u c t u r e  h e a v i l y  p e n a l i z e s  d a y t i m e  e l e c t r i c  demand - 
and t h e  f a c i l i t y  h a s  a  h i g h  peak c o o l i n g  l o a d .  Key 
d e c i s i o n s  t h a t  d e t e r m i n e  o v e r a l l  c o s t - e f f e c t i v e n e s s  
and t h u s  t h e  p r a c t i c a l i t y  of  t h e  s y s t e m  i n c l u d e  t h e  
optimum s i z e  f o r  i c e  b u i l d e r s ,  and how t h e  r e m a i n d e r  
o f  t h e  c o o l i n g  l o a d  is h a n d l e d .  
DEHUMIDIFICATION V I A  ICE-COOLED VAV PRIMARY A I R  
I n  t h e  i n t e g r a t e d  ice s t o r a g e / s p r i n k l e r / V A V  i n -  
d u c t i o n  t e r m i n a l  HVAC s y s t e m ,  ice made a t  n i g h t  w i t h  
u t i l i t y  e l e c t r i c i t y  is used  d u r i n g  t h e  day  t o  dehumid- 
i f y  and  c o o l  t o  40°F a  v e r y  s m a l l  q u a n t i t y  o f  p r i m a r y  
a i r  ( 0 . 1  t o  0 .2  c fm/sq  f t ) .  T h i s  p r i m a r y  a i r ,  d e l i v -  
e r e d  i n  v a r i a b l e  volume t o  c o n s e r v e  e n e r g y ,  p r o v i d e s  
100% o f  t h e  s p a c e  d e h u m i d i f i c a t i o n  r e q u i r e m e n t .  Com- 
p a r e d  w i t h  a t r a d i t i o n a l  a l l - a i r  HVAC s y s t e m ,  t h i s  
a p p r o a c h  a c h i e v e s  s i g n i f i c a n t  s a v i n g s  ( u p  t o  80%)  i n  
t h e  f i r s t  c o s t  o f  t h e  p r i m a r y  d i s t r i b u t i o n  s y s t e m  - 
d u c t w o r k ,  a i r  h a n d l e r ,  and a l s o  f a n p o w e r .  T h i s  
a p p r o a c h  limits t h e  s i z e  o f  i c e  b u i l d e r s ,  w h i l e  u s i n g  
t h e  i c e  f o r  a  h i g h l y  a p p r o p r i a t e  t a s k  - p r o d u c i n g  
v e r y  c o l d ,  d r y  p r i m a r y  a i r .  
SENSIBLE COOLING AT VAV FAN-COIL INDUCTION TERMINALS 
I t  is t h e n  p o s s i b l e  t o  c o o l  s e n s i b l y  a t  t e r m i n a l  
u n i t s  w i t h  c h i l l e d  w a t e r  a t  a n  e l e v a t e d  t e m p e r a t u r e  
l e v e l ,  58-68°F. which is  a n  a p p r o p r i a t e  t e m p e r a t u r e  
f o r  t h e  s e n s i b l e  c o o l i n g  t a s k  and  which  is thermody- 
n a m i c a l l y  more e f f i c i e n t  t h a n  40-42OF c o o l i n g .  Thus  
t h e  v a p o r  c o m p r e s s i o n  c h i l l e r s  t h a t  p r o d u c e  ice a t  
n i g h t ,  when u t i l i t y  rates are low,  o p e r a t e  a t  a  25% 
h i g h e r  e f f i c i e n c y  d u r i n g  t h e  d a y  when rates are h i g h .  
The  v a r i a b l e  volume o f  p r i m a r y  a i r  d i s t r i b u t e d  
t o  t e r m i n a l s ,  0 . 1  t o  0 . 2  c fm/sq  f t ,  i s  d e t e r m i n e d  by 
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t h e  e p a c e  c o n d i t i o n i n g  l o a d .  Fan-induced room a i r  
makes up t h e  b a l a n c e ' o f  t h e  mixed a i r  t h a t  is d e l i v e r -  
ed a t  a  c o n s t a n t  volume o f  1 . 4  c fm/sq  f t  t o  o c c u p i e d  
s p a c e s  t o  m a i n t a i n  u n i f o r m  a i r  c i r c u l a t i o n  and c o m f o r t .  
When a d d i t i o n a l  c o o l i n g  is r e q u i r e d ,  w i t h  t h e  p r i m a r y  
a i r  a t  maximum q u a n t i t y .  h i g h - t e m p e r a t u r e  c h i l l e d  wa- 
ter  is a d m i t t e d  t o  t e r m i n a l  c o i l s ;  fan- induced  room 
a i r  is  c o o l e d  p r i o r  t o  m i x t u r e  w i t h  t h e  p r i m a r y  a i r  i n  
t h e  t e r m i n a l  boxes .  
MULTIPLE BENEFITS TO SYSTEM FROM COOLING CAPABILITY 
IN VAV FAN-INDUCTION TERMINALS 
n e s s  
ons :  
1 )  
2 
3 
The u s e  o f  c o o l i n g  c o i l s  i n  t h e  VAV f a n - i n d u c t i o n  
u n i t s  is a  key  f a c t o r  i n  t h e  o v e r a l l  c o s t - e f f e c t i v e -  
of  t h e  i n t e g r a t e d  s y s t e m  f o r  t h e  f o l l o w i n g  reas- 
Energy:  T e r m i n a l  c o i l s  i n c r e a s e  e n e r g y  e f f i c i -  
e n c y  by p e r m i t t i n g  h i g h - t e m p e r a t u r e  s e n s i b l e  
c o o l i n g  o f  s e c o n d a r y  a i r  a t  t e r m i n a l s  ( w i t h  
p r i m a r y  air  p r o v i d i n g  d e h u m i d i f i c a t i o n ) .  
F i r s t  c o s t :  T e r m i n a l  s e n s i b l e  c o o l i n g  p e r m i t s  
t h e  q u a n t i t y  o f  c o l d ,  d r y  p r i m a r y  a i r  t o  be  r e -  
duced t o  t h e  minimum r e q u i r e d  f o r  d e h u m i d i f i c a -  
t i o n  - 0.1 t o  0 . 2  c fm/sq  f t .  The  r e s u l t  is a 
s a v i n g s  o f  some 00% i n  t h e  f i r s t  cost o f  t h e  
p r i m a r y  a i r  d i s t r i b u t i o n  s y s t e m  a n d  o p e r a t i n g  
fanpower (compared w i t h  a  s t a n d a r d  a l l - a i r  VAV 
s y s t e m  s u p p l y i n g  1.0 cfm/sq  f t ) .  
Compared w i t h  VAV f a n - i n d u c t i o n  t e r m i n a l s  w i t h o u t  
coils: A c o l d - p r i m a r y - a i r  s y s t e m  u s i n g  t h e  same 
t e r m i n a l s  w i t h o u t  coi ls  would r e q u i r e  t h r e e  
times as much p r i m a r y  a i r  ( 0 . 4 5  c fm/sq  f t )  
b e c a u s e  
a )  t h e  p r i m a r y  a i r  would s u p p l y  a l l  s e n s i b l e  
c o o l i n g  as  w e l l  as  d e h u m i d i f i c a t i o n ;  and  
b )  t h e  p r i m a r y  a i r  would h a v e  t o  b e  a t  a  h i g h e r  
t e m p e r a t u r e  l e v e l  (45-48OF i n s t e a d  o f  40-42OF) 
t o  p r e v e n t  o v e r - d r y  c o n d i t i o n s  i n  t h e  occu- 
p i e d  s p a c e .  
I n  t h e  f i r s t  s y s t e m  c o n f i g u r a t i o n  - c o l d  p r i m a r y  
a i r  w i t h  t e r m i n a l  s e n s i b l e  c o o l i n g  - s p a c e  h u m i d i t y  
and t e m p e r a t u r e  c a n  be  c o n t r o l l e d  p r e c i s e l y  and p r i -  
mary d i s t r i b u t i o n  c o s t s  min imized .  
INTEGRATED SPRINKLERIVAV FAN-COIL INDUCTION TERMINALS 
I n s t e a d  o f  i n s t a l l i n g  a s e p a r a t e  c h i l l e d  w a t e r  
p i p i n g  s y s t e m  f rom t h e  c e n t r a l  p l a n t  t o  t e r m i n a l s  f o r  
o e c o n d e r y  a i r  c o o l i n g ,  m o s t  o f  t h i s  f i r s t  c o s t  is 
e l i m i n a t e d  by u s i n g  i n t e g r a t e d  f i r e  s p r i n k l e r  p i p i n g .  
The i n t e g r a t e d  s p r i n  ler s y s t e m 1  a n d  VAV f a n - c o i l  
i n d u c t i o n  t e r m i n a l s , '  which  are u s e d  t o g e t h e r  t o  b e  
a b l e  t o  m i n i m i z e  d i s t r i b u t i o n  c o s t s  ( b o t h  p r i m a r y  a i r  
and  a e c o n d a r y  c h i l l e d  w a t e r )  w h i l e  r e c i r c u l a t i n g  a n d  
c o o l i n g  a i r  l o c a l l y  to  m a i n t a i n  p r e c i s e  t e m p e r a t u r e  
a n d  h u m i d i t y  c o n d i t i o n s  as w e l l  a s  u n i f o r m  a i r  f l o w  
i n  e p a c e s ,  are p r o p r i e t a r y  s y s t e m s  d e v e l o p e d  by t h e  
a u t h o r .  
I n  t h e  e a r l y  1 9 7 0 1 s ,  t h e  a u t h o r  p i o n e e r e d  t h e  
deve lopment  o f  s p r i n k l e r  s y s t e m s  as a h e a t  t r a n s f e r  
medium, d e s i g n i n g  t h e  f i r s t  i n t e g r a t e d  HVACIspri 
a y s t e m a  i n s t a l l e d  a n d  o p e r a t e d  f o r  s p a c e  c o o l i n g .  ! l6 
Some o f  t h e s e  s y s t e m s  h a v e  been  o p e r a t i o n a l  f o r  more 
t h a n  a d e c a d e .  The  VAV f a n - c o i l  i n d u c t i o n  t e r m i n a l  
w a s  d e v e l o p e d  t o  h a v e  t h e  f l e x i b i l i t y ,  i n  m u l t i z o n e  
b u i l d i n g s ,  t o  c o n t r o l  s e p a r a t e l y  h u m i d i t y  ( v i a  a s m a l l  
q u a n t i t y  o f  p r i m a r y  a i r )  and t e m p e r a t u r e  ( v i a  c h i l l e d  
w a t e r  a t  t e r m i n a l s )  w i t h i n  e a c h  z o n e ,  w h i l e  s u p p l y i n g  
a i r  t o  s p a c e s  a t  a  c o n s t a n t  volume. 
T h e  N a t i o n a l  F i r e  P r o t e c t i o n  A s s o c i a t i o n  (NFPA) 
s i n c e  1 9 7 8  h a s  p e r m i t t e d  t h e  u s e  o f  s p r i n k l e r  p i p i n g  
f o r  HVAC h e a t i n g  and c o o l i n g  (NFPA 13 - S t a n d a r d  f o r  
t h e  I n s t a l l a t i o n  o f  S p r i n k l e r  S y s t e m s ) .  Based on  t h e  
a u t h o r ' s  e x p e r i e n c e  o v e r  t h e  p a s t  10 y e a r s ,  s u c h  u s e  
s u p p o r t s  t h e  i n t e g r i t y  o f  t h e  s p r i n k l e r  s y s t e m  s i n c e  
t h e  c o n t i n u a l  f l o w  o f  w a t e r  f o r  HVAC p u r p o s e s  e n s u r e s  
t h a t  f i r e  w a t e r  is a v a i l a b l e  a t  t h e  s p r i n k l e r  h e a d s .  
OPTIONAL SUBSYSTEMS - COGENERATOR, INDIRECT 
EVAPORATIVE COOLING 
I n  t h e  i n t e g r a t e d  ice s t o r a g e / s p r i n k l e r  s y s t e m ,  
t h e  v a p o r  c o m p r e s s i o n  r e f r i g e r a t i o n  s u b s y s t e m ,  which  
p r o d u c e s  i c e  a t ' n i g h t  and 58-68OF c h i l l e d  w a t e r  d u r i n g  
t h e  d a y ,  i s  g e n e r a l l y  s i z e d  t o  p r o d u c e  t h e  q u a n t i t y  o f  
ice n e e d e d  t o  c h i l l  t o  40aF t h e  small q u a n t i t y  o f  p r i -  
mary a i r  ( t h e  q u a n t i t y  r e q u i r e d  t o  h a n d l e  t h e  s p a c e  
d e h u m i d i f i c a t i o n  l o a d .  0.1 t o  0 . 2  c f m / s q  f t ) .  When a 
f a c i l i t y ' s  d a y t i m e  c o o l i n g  l o a d  is v e r y  h i g h  - a s  i n  
a  s h o p p i n g  c e n t e r  w i t h  h i g h l y  v a r i a b l e  occupancy  and  
t e n a n t  r e q u i r e m e n t s ,  o r  a  modern o f f i c e  b u i l d i n g  w i t h  
heavy  c o n c e n t r a t i o n s  o f  h e a t - p r o d u c i n g  e l e c t r o n i c  
equipment  - t h e r e  may n o t  b e  a b a l a n c e  be tween  t h e  d a y  
and n i g h t  r e f r i g e r a t i o n  r e q u i r e m e n t .  T h a t  i s ,  t h e  
c h i l l e r s  s i z e d  f o r  t h e  ice-making  ( p r i m a r y - a i r  
d e h u m i d i f i c a t i o n )  l o a d  may n o t  be  a b l e  t o  h a n d l e  t h e  
day s e n s i b l e - c o o l i n g  r e q u i r e m e n t  f o r  58-68OP c h i l l e d  
w a t e r .  I n  s u c h  a case t h e  f o l l o w i n g  o p t i o n s  are con- 
s i d e r e d :  
1 )  G a s  c o g e n e r a t i o n  p l u s  a b s o r p t i o n  c h i l l e r .  T h i s  
o p t i o n  is  v i a b l e  when electric u t i l i t y  demand 
rates are v e r y  h i g h  i n  r e l a t i o n  t o  g a s  rates, 
and  t h e  d a y t i m e  c o o l i n g  l o a d  is v e r y  h i g h .  Co- 
g e n e r a t e d  h e a t  powers  t h e  a b s o r p t i o n  c h i l l e r ,  
which p r o d u c e s  58-68°F c h i l l e d  w a t e r  f o r  s e n s i b l e  
c o o l i n g ;  s i m u l t a n e o u s l y ,  c o g e n e r a t e d  e l e c t r i c i t y  
powers  t h e  HVAC s y s t e m  f a n s ,  pumps a n d ,  when a d d i -  
t i o n a l  c o o l i n g  is n e e d e d ,  t h e  v a p o r  c o m p r e s s i o n  
c h i l l e r ,  a s  w e l l  a s  c o n t r i b u t i n g  t o  o t h e r  e l e c t r i -  
c a l  r e q u i r e m e n t s .  T h i s  s y s t e m  c o n f i g u r a t i o n  elim- 
i n a t e s  a l l  d a y t i m e  e l e c t r i c  u t i l i t y  demand f o r  
HVAC, as i n  t h e  W e s t m i n s t e r  Mall e x a m p l e  d e s c r i b e d  
below. 
2) G a s - f i r e d  a b s o r p t i o n  c h i l l e r .  T h i s  o p t i o n  i s  
v i a b l e  when electric u t i l i t y  demand r a t e s  are 
v e r y  h i g h  i n  r e l a t i o n  t o  g a s  r a t e s ,  b u t  t h e  day- 
t i m e  c o o l i n g  l o a d  is n o t  heavy  enough t o  j u s t i f y  
t h e  c o g e n e r a t o r .  
3 )  E n l a r g i n g  t h e  p r i m a r y  v a p o r  c o m p r e s s i o n  r e f r i g e r -  
a t i o n  s y s t e m .  T h i s  o p t i o n  is p r e f e r a b l e  when 
t h e  e l e c t r i c  u t i l i t y  demand-charge p e n a l t y  is n o t  
h i g h  enough t o  j u s t i f y  t h e  c o g e n e r a t o r  o r  a b s o r p -  
t i o n  c h i l l e r .  I n  t h i s  case, t h e  optimum a r r a n g e -  
ment ,  i n  terms o f  o v e r a l l  c o s t - e f f e c t i v e n e s s ,  may 
i n c l u d e  e n l a r g i n g  somewhat t h e  i c e - b u i l d i n g  c a p e r  
c i t y  and  q u a n t i t y  o f  c o l d  p r i m a r y  a i r  d i s t r i b u t e d .  
I n  d r y  climates, a n  o p t i o n  t h a t  c a n  make a major 
c o n t r i b u t i o n  to  t h e  c o s t - e f f e c t i v e n e s s  o f  s e n s i b l e  
c o o l i n g  i n  t h e  i n t e g r a t e d  s y s t e m  b e i n g  d e s c r i b e d  
h e r e  is  i n d i r e c t  e v a p o r a t i v e  c o o l i n g  v i a  a  c o o l i n g  
t o w e r  and  a  p l a t e  h e a t  e x c h a n g e r .  T h i s  i s  p r a c t i c a l  
i n  a s y s t e m  w h e r e  s e n s i b l e  c o o l i n g  is a t  a n  e l e v a t e d  
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t e m p e r a t u r e  (58-68OF). A s  much a s  50% of  t h e  a n n u a l  
t e r m i n a l  c o o l i n g  r e q u i r e m e n t  c a n  b e  met by i n d i r e c t  
e v a p o r a t i v e  c o o l i n g  i n  some l o c a t i o n s .  
APPLICATION: COLORADO SHOPPING CENTER 
An e n e r g y - i n t e g r a t e d  ice  s t o r a g e / s p r i n k l e r / c o -  
g e n e r a t i o n l i n d i r e c t  e v a p o r a t i v e  c o o l i n g  s y s t e m  h a s  
been d e s i g n e d  f o r  t h e  223,000-sq f t  W e s t m i n s t e r  Mall 
a d d i t i o n  i n  W e s t m i n s t e r ,  C o l o r a d o ,  which  is  c u r r e n t -  
l y  u n d e r  c o n s t r u c t i o n  ( F i g .  1). The s y s t e m  h a s  been  
s t r u c t u r e d  t o  s h a r p l y  r e d u c e  e n e r g y  o p e r a t i n g  c o s t s  
by e l i m i n a t i n g  a l l  d a y t i m e  electric u t i l i t y  demand 
c h a r g e s  f o r  t h e  HVAC s y s t e m .  I n  W e s t m i n s t e r  t h e  
u t i l i t y  r a t e  s t r u c t u r e  i s  s u c h  t h a t ,  had a  conven- 
t i o n a l  a l l - a i r  HVAC s y s t e m  been  u s e d ,  73% o f  t h e  
t o t a l  a n n u a l  u t i l i t y  c o s t  would h a v e  been demand 
c h a r g e s  ( e s t a b l i s h e d  by peak  d a y t i m e  demand),  a n d  
o n l y  27% a t t r i b u t a b l e  t o  t o t a l  a n n u a l  u s a g e  ( T a b l e  
1).  I n  t h e  new s y s t e m ,  ice made a t  n i g h t  f o r  day  
c o o l i n g  c u t s  t h i s  d a y t i m e  demand by some 4 5 2 ,  and  
c o g e n e r a t e d  e l e c t r i c i t y  r e p l a c e s  t h e  r e m a i n d e r  o f  
t h e  d a y t i m e  u t i l i t y  demand. A s  shown i n  T a b l e  1, 
based  on  d e s i g n  p r o j e c t i o n s  t h e  new s y s t e m ,  u s i n g  
g a s  f o r  c o g e n e r a t i o n  p l u s  o f f - p e a k  u t i l i t y  e l e c t r i -  
c i t y ,  w i l l  s a v e  a p p r o x i m a t e l y  $150 ,000  i n  a n n u a l  
e n e r g y  c o s t s .  T h e  a n t i c i p a t e d  payback  on  t h e  i n c r e -  
m e n t a l  c o s t  o f  t h i s  s y s t e m  o v e r  a c o n v e n t i o n a l  s y s -  
tem is l e s s  t h a n  f o u r  y e a r s .  
I n  t h e  mall WAC s y s t e m  a s m a l l ,  v a r i a b l e  quan- 
t i t y  o f  v e r y  c o l d  p r i m a r y  a i r  (0.1-0.2 c fm/sq  f t  a t  
40°F) h a n d l e s  100% o f  m a l l  d e h u m i d i f i c a t i o n  a n d  
15-35% o f  t h e  s e n s i b l e  c o o l i n g  l o a d .  T h e  s i z e  o f  p r i -  
mary d u c t w o r k  a n d  a i r  h a n d l e r  i s  r e d u c e d  a p p r o x i m a t e l y  
80% compared w i t h  a c o n v e n t i o n a l  a l l -a ir  HVAC s y s t e m .  
T h e  b a l a n c e  o f  t h e  s e n s i b l e  c o o l i n g ,  65-85%. is d o n e  . 
a t  t e r m i n a l s  c i r c u l a t i n g  58-68OF c h i l l e d  w a t e r  f r o m  
t h e  c e n t r a l  p l a n t  v i a  t h e  i n t e g r a t e d  f i r e  s p r i n k l e r  
s y s t e m .  
Ice t h e r m a l  s t o r a g e  p r o d u c e s  3 4 ° F  c h i l l e d  w a t e r  
which  c o o l s  p r i m a r y  a i r  t o  40°F. T e r m i n a l  s e n s i b l e  
c o o l i n g  v i a  58-68°F w a t e r  i s  p r o v i d e d  by i n d i r e c t  
e v a p o r a t i v e  c o o l i n g  (50%) ,  i c e  (25% - whenever  p r i m a r y  
a i r  d o e s  n o t  r e q u i r e  maximum c o o l i n g ) ,  and  t h e  com- 
p r e s s o r  powered by c o g e n e r a t e d  e l e c t r i c i t y  (25%).  
REFRIGERATION/ICE BUILDING PLANT 
The  c e n t r a l  r e f r i g e r a t i o n / i c e  b u i l d i n g  t h e r m a l  
s t o r a g e  p l a n t ,  o p e r a t i n g  a t  n i g h t  u s i n g  o f f - p e a k  u t i l -  
i t y  e l e c t r i c i t y ,  p r o d u c e s  s u f f i c i e n t  ice t h e r m a l  s t o r -  
a g e  t o  meet t h e  maximum r e q u i r e m e n t  f o r  d a y t i m e  c o o l -  
i n g / d e h u m i d i f y i n g  of  t h e  p r i m a r y  a i r .  T h e  l a n t  i s  a  
pumped r e f r i g e r a t i o n  c i r c u l a t i o n  s y s t e m  u t i f i z i n g  
R-22 r e f r i g e r a n t .  T h e  r e f r i g e r a t i o n l i c e  t h e r m a l  s t o r -  
a g e  p l a n t  c o n s i s t s  o f  two 150 bhp  r e f r i g e r a t i o n  s c r e w  
c o m p r e s s o r s ,  two p i p e  c o i l  t y p e  ice b u i l d e r  s t o r a g e  
u n i t s  w i t h  a  combined i c e  s t o r a g e  c a p a c i t y  o f  2 2 0 , 0 0 0  
l b  ( b a s e d  on a  2  i n .  i c e  t h i c k n e s s ) ,  a w a t e r  c h i l l e r ,  
a n d  a h e a t  r e c o v e r y  u n i t .  
Each n i g h t  d u r i n g  summer o p e r a t i o n  t h e  compres-  
s o r s ,  o p e r a t i n g  a t  a  t15 F  s u c t i o n  t e m p e r a t u r e ,  pro-  
d u c e  2 2 0 , 0 0 0  l b  o f  i c e  i n  t h e  i c e  b u i l d e r s .  D u r i n g  
t h e  d a y ,  34OF c h i l l e d  w a t e r  c i r c u l a t e s  f r o m  t h e  therm- 
a l  s t o r a g e  s y s t e m  t o  a c o i l  i n  t h e  p r i m a r y  a i r  hand- 
l i n g  u n i t ,  w h e r e  p r i m a r y  a i r  is c o o l e d  a n d  dehumidi -  
f i e d  t o  a 40°F  s a t u r a t e d  c o n d i t i o n ,  t h e n  d i s t r i b u t e d  
F i g .  1 I c e  s t o r a g e l i n t e g r a t e d  s p r i n k l e r / c o g e n e r a t i o n  s y s t e m  d i a g r a m  
( W e s t m i n s t e r  M a l l  A d d i t i o n ,  W e s t m i n s t e r ,  C o l o r a d o )  
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TABLE 1 
P r o j e c t e d  HVAC System Comparison: 
Conven t iona l  v s .  I c e  S t o r a g e / I n t e g r a t e d  S p r i n k l e r / C o g e n e r a t i o n  System 
(Westmins ter  Mall  Add i t i on ,  Westmins ter ,  Co lo rado)  
Total Annual 
E l e c t r i c  Annual Toral annual Annual Annual u t i l i t y  cost. 
u t i l i t y  deaand demand charge. usage ( e l e c t r i c  usage charge. gas e l e c t r i c i t y  ~ n n u d l  energy 
Funct Ions provided (daytime peak) (Sll.841KU X 12) u t t l i r y ) .  KWH 2.IL per KUH cost and gas cost saviny 
1,864,203. 
HVAC l o r  new ml l  add i t i on  750KY f106.560. (12 h r  per 39.150. 0 1145.710. 0 
day operaLion) 
Wcw system: i c e  sroragel integrated spr ink ler lcogenerat lon* 
o HVAC for new ma1 1 addl t i  on 0 0 773.762. 16.250. 71,145. 87.395. 149.755.** 
1. Night i c e  bu i ld ing  for 
day cool ing o f  prlmary 
and secondary a i r .  
(purchased 
off-peak power 
t o  make i c e )  
2. Cogenerated e l e c t r i c i t y  
runs HVAC fans, pumps 
r e f r i g e r a t i o n  machine. 
0 54,960. worth i f  l i g h t i n g  I n  new mal l  (addi t ional  cogenerated e l e c t r i c i t y  appl ied t o  l i g h t i n g  reduces u t i l i t y  costs fo r  l i g h t i n g ) .  
o 36,480. worth o f  cool tng I n  e x i s t l n g  mal l  (cogenerator heat runs absorption c h i l l e r ,  which produces c h i l l e d  water f o r  ex is t ing  mall. 
' reducer u r i l i t y  b i l l  o f  e x i s t i n g  mall). 
*223.000 Sq ft 
**S rtap con t r ibu t ion :  $145.710. (HYAC value) + 54.960. ( l i g h t i n g )  t 36,480. (coo l ing  t o  e x i s t i n g  ma l l )  = 237.150. - 87,395. ( less  
utility cost) * 149.755. (annual energy cost saving) 
t o  t h e  f an - induc t ion  t e r m i n a l s .  
When o u t s i d e  c o n d i t i o n s  a r e  h o t  and humid, one 
o f  t h e  compres so r s  o p e r a t e s  d u r i n g  t h e  day a t  +45 F 
s u c t i o n ,  powered by cogene ra t ed  e l e c t r i c i t y ,  to pro- 
duce  220 t o n s  pe r  h r  of c h i l l e d  wa te r  a t  58T f o r  u s e  
i n  c o o l i n g  s p r i n k l e r  w a t e r  d i s t r i b u t e d  t o  t e r m i n a l  
c o i l s .  When t h e  compressor  is  no t  needed t o  c o o l  
s p r i n k l e r  w a t e r ,  t h i s  cogene ra t ed  e l e c t r i c i t y  goes  
i n s t e a d  i n t o  l i g h t i n g  t o  red,uce t h e  m a l l  l i g h t i n g  
b i l l .  
When b u i l d i n g  i c e ,  each  compressor  p r o v i d e s  134 
t o n e  of r e f r i g e r a t i o n  a t  150 bhp (0 .89 t o n  per  bhp).  
On a i r  c o n d i t i o n i n g  d u t y ,  compressor  o u t p u t  is 256 
t o n s  a t  141  bhp (1.82 t o n s  pe r  bhp). 
A t  less t h a n  des ign  c o n d i t i o n s ,  t h e  c o o l i n g  tow- 
er w i l l  p rov ide  i n d i r e c t  e v a p o r a t i v e  c o o l i n g  ( t h r o u g h  
a  p l a t e  t y p e  h e a t  exchanger)  t o  c o o l  t h e  s p r i n k l e r  
wa te r  supp ly ing  t h e  VAV i n d u c t i o n  t e r m i n a l s .  T h i s  
" f ree"  c o o l i n g  i s  e s t i m a t e d  t o  be 542,600 ton-hr 
(Tab le  2). 
TABLE 2 
P r o j e c t e d  Annual Coo l ing  Load. F r e e  Coo l ing  Contr ibu-  
t i o n ,  and Mechanical  Coo l ing  Requ i r ed ,  Ton-hr 
(Westminster Mall Add i t i on )  
Fm induclim 
M a r y  a t  icrmhal c w h t  sol Tolal 
rehitwatbn bad rahitaratm bad ton-h 
Tolal coalinl 331.410 945,840 1.277.250 
M a t  evaporative 
sensit& @ding: 
Outdoor ar* 69.950 
Tnmmal chiM water*' 542,600 
Total Im cooby 612.550 
Rquired mechancal coolint 664.700 
.Indirecterapap~ntiua coolers cool 27,000 scfmof outdwr air 17.6 f a1 dcsi~cond~lins. 
**Coolint l o w  prordn part~al or lull terminal chrlled waler cooling at less than deslgn condilions via 
During m i l d e r  w i n t e r  w e a t h e r  when some day t ime  
mechanica l  c o d i n g  i s  needed, t h e  i c e  b u i l d i n g  sys tem 
a c t s  a s  a  h e a t  pump. Heat r e j e c t e d  f rom t h e  i c e  equip-  
ment,  2.3 MMBtuh,is h e a t  pumped th rough  t h e  f i r e  
s p r i n k l e r  p i p i n g  sys t em,  which keeps  t h e  s p a c e s  warm 
a t  n i g h t  (60 t o  65OF). 
COGENERATION SYSTEM 
A 425 KW n a t u r a l  g a s  d r i v e n ,  t u rbocha rged  e n g i n e  
c o g e n e r a t o r  o p e r a t e s  c o n t i n u o u s l y  d u r i n g  t h e  m a l l ' s  
12-hr day. Cogenera ted  h e a t  ( r e j e c t e d  e n g i n e  h e a t )  
powers a  h e a t  r e c o v e r y  a b s o r p t i o n  r e f r i g e r a t i o n  machine 
t h a t  o p e r a t e s  n e a r  f u l l  l o a d ,  p roduc ing  between 150 
and 200 t o n s  of r e f r i g e r a t i o n  t o  h e l p  meet t h e  600 t o  
800  t o n  r equ i r emen t  o f  t h e  e x i s t i n g  mall f o r  s p a c e  
c o o l i n g .  
Dur ing t h e  w i n t e r ,  0.9 MMBtuh o f  e n g i n e  ex'haust  
h e a t  a r e  r ecove red  i n  t h e  a b s o r p t i o n  u n i t ' s  condenser  
w a t e r  c i r c u i t  (no  c h i l l e d  w a t e r  is produced a t  t h i s  
t ime) .  Another  1.5 MMBtuh a r e  r ecove red  f rom t h e  
e n g i n e  j a c k e t  w a t e r .  The combined 2.4 MMBtuh p rov ide  
h o t  w a t e r  f o r  h e a t i n g  t h e  p r imary  s u p p l y  a i r  i n  t h e  
c e n t r a l  a i r  h a n d l i n g  u n i t  and f o r  s p a c e  h e a t i n g  a t  t h e  
a i r  t e r m i n a l s  v i a  t h e  s p r i n k l e r  p i p i n g  loop .  
Cogenera ted  e l e c t r i c i t y ,  a s  a l r e a d y  i n d i c a t e d .  
s a t i s f i e s  a l l  t h e  m a l l  a d d i t i o n ' s  WAC e l e c t r i c a l  
n e e d s  and c o n t r i b u t e s  t o  t h e  l i g h t i n g  r equ i r emen t .  
HVAC AUTOMATION SYSTEM 
A computer based d i r e c t  d i g i t a l  c o n t r o l  sys tem 
is  be ing  i n s t a l l e d  t o  o p t i m i z e  ene rgy  f l o w  th rough  t h e  
v a r i o u s  HVAC subsys t ems  s o  as t o  minimize energy costs .  
The f u l l y  a u t o m a t i c  sys t em w i l l :  
1) C o n t r o l  h u m i d i t i e s  and s p a c e  t e m p e r a t u r e s  i n  a l l  
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s t o r e s  t h r o u g h o u t  t h e  mall a d d i t i o n .  
C o n t r o l  t h e  f u n c t i o n i n g  o f  e a c h  s u b s y s t e m :  re- 
f r i g e r a t i o n  p l a n t ,  c o g e n e r a t o r / a b s o r p t i o n  c h i l l -  
er ,  c e n t r a l l t e r m i n a l  VAV a i r  h a n d l e r s ,  and t h e  
i n t e g r a t e d  s p r i n k l e r  c h i l l e d l h o t  w a t e r  d i s t r i b u -  
t i o n  subsys tem.  
I n t e r f a c e  t h e s e  s u b s y s t e m s  t o  o p t i m i z e  e n e r g y  
u s e .  
A t  a n y  t i m e ,  t h e  b u i l d i n g  o p e r a t o r  c a n  c h e c k  t h e  
and o p e r a t i o n  o f  t h e ' m a l l  a d d i t i o n ' s  HVAC 
s y s t e m  and e a c h  o f  i t s  s u b s y s t e m s  v i a  t h e  c o n t r o l  
s y s t e m  m i c r o p r o c e s s o r .  
A I R  CONDITIONING PROCESS 
A roof-mounted VAV c e n t r a l  a i r  h a n d l i n g  u n i t  
s u p p l i e s  t o  t h e  m a l l  a d d i t i o n  53.600 a c t u a l  cfm o f  
a i r  ( e q u i v a l e n t  t o  4 4 , 6 0 0  scfm)  c o n s i s t i n g  o f  
27,000 scfm o f  o u t s i d e  a i r  and 1 7 , 6 0 0  s c f m  o f  recir- 
c u l a t e d  a i r .  A s  shown i n  t h e  p s y c h r o m e t r i c  c h a r t  i n  
F i g .  2 ,  o u t s i d e  a i r  is p r e c o o l e d  by means o f  a n  i n -  
d i r e c t  e v a p o r a t i v e  c o o l e r  f rom 92OFDB t o  74.4OFDB 
( 1  t o  2 )  and t h e n  mixed i n  t h e  c e n t r a l  VAV a i r  hand- 
l i n g  u n i t  w i t h  t h e  r e c i r c u l a t e d  a i r  ( 5 ) .  T h i s  a i r  i s  
c o o l e d  t o  40°F by ice c h i l l e d  w a t e r  ( 6  t o  7 )  and d i s -  
t r i b u t e d  f rom t h e  c e n t r a l  a i r  h a n d l e r  t h r o u g h  i n s u -  
l a t e d  p r i m a r y  duc twork  t o  t h e  VAV f a n - c o i l  i n d u c t i o n  
u n i t s  l o c a t e d  t h r o u g h o u t  t h e  a d d i t i o n  i n  t h e  c e i l i n g  
plenum a b o v e  o c c u p i e d  s p a c e s  ( o n e  o r  two t e r m i n a l s  
p e r  s t o r e ,  d e p e n d i n g  on s t o r e  s i z e ) .  A t  d e s i g n  con- 
d i t i o n s ,  t h e  i n d i r e c t  e v a p o r a t i v e  c o o l e r  p r o v i d e s  
n e a r l y  4 3  t o n s  o f  s e n s i b l e  c o o l i n g .  On a n  a n n u a l  
b a s i s ,  6 9 , 9 4 0  ton-hr  of  s e n s i b l e  v e n t i l a t i o n - a i r  
c o o l i n g  a r e  done  by t h e  i n d i r e c t  e v a p o r a t i v c  c o o l e r .  
The q u a n t i t y  o f  c o l d  p r i m a r y  a i r  e n t e r i n g  t h e  
VAV t e r m i n a l  v a r i e s  be tween  0.1 and 0 . 2  s c f m  p e r  s q  
f t ,  d e t e r m i n e d  by t h e  s p a c e  a i r  c o n d i t i o n i n g  r e q u i r e -  
ment. Fan-induced room a i r  makes up t h e  b a l a n c e  o f  
t h e  1 . 4  cfm p e r  s q  f t  t h a t  i s  d i s t r i b u t e d  i n  c o n s t a n t  
volume f rom t h e  t e r m i n a l s  t o  t h e  o c c u p i e d  s p a c e s .  
When t h e  p r i m a r y  a i r  damper is f u l l y  open  and a d d i -  
t i o n a l  c o o l i n g  is  r e q u i r e d  t o  a c h i e v e  t h e  s u p p l y  a i r  
c o n d i t i o n  ( 9 ) .  t h e  t e r m i n a l  c o o l i n g  c o i l  v a l v e  o p e n s ,  
a d m i t t i n g  58OF c h i l l e d  w a t e r  f rom t h e  ~ p r i n k l e r  p ip-  
i n g  t o  c o o l  t h e  f a n - i n d u c e d  room a i r  ( 3  t o  8 )  p r i o r  
t o  m i x t u r e  w i t h  t h e  p r i m a r y  a i r .  
APPLICATION: MISSISSIpPj DEPARTMENT STORE 
The i c e  t h e r m a l  s t o r a g e  WAC s y s t e m  d e s i g n e d  
f o r  t h e  t w o - s t o r y ,  150,000-sq f t  G a y f e r s  S t o r e  a t  
Nor thpark  M a l l ,  R i d g e l a n d ,  M i s s i s s i p p i ,  i n c l u d e s  t h e  
f o l l o w i n g :  
A r e f r i g e r a t i o n l i c e  t h e r m a l  s t o r a g e  p l a n t  con- 
s i s t i n g  o f  two 80 ,000- lb  ice b u i l d e r s  ( b a s e d  o n  
2  i n .  t h i c k n e s s )  and t h r e e  1 2 5  bhp r e c i p r o c a t i n g  
c o m p r e s s o r s  u t i l i z i n g  R-22 r e f r i g e r a n t .  The  
c o m p r e s s o r s  o p e r a t e  a t  n i g h t ,  when e l e c t r i c  
u t i l i t y  r a t e s  a r e  l o w e r ,  t o  p r o d u c e  s u f f i c i e n t  
i c e  t h e r m a l  s t o r a g e  f o r  d a y t i m e  c o o l i n g / d e h u -  
m i d i f i c a t i o n  o f  t h e  min imized  q u a n t i t y  o f  p r i -  
mary a i r  (0.1-0.2 c f m l s q  f t ) .  D u r i n g  t h e  day 
i n  summer, o n e  c o m p r e s s o r  o p e r a t e s  a t  a  h i g h e r  
e f f i c i e n c y  p r o v i d i n g  58°F c h i l l e d  w a t e r  t o  c o o l  
s e c o n d a r y  a i r  a t  t e r m i n a l s .  





Outeide a i r  entering a t  92'FDB, 6S0RJB. 
Outside a i r  leaving indirect  evaporative cooler  a t  74.b°FDU, 
59.5°FWB. 
Building a i r ,  7SDFDB, 59'FWB. 
Return a i r .  77"FDB. 59.S°FWB t o  central  primary a i r  handler. 
Mixed outs ide  a i r  and return a i r ,  7S°FDB. 59.S0RJB a t  central  
primary a i r  handler prior t o  c o i l  coolinp. 
Mixed outs ide  a i r  and return a i r  enterinp primary coolinp 
c o i l  a t  80°FDB, 61°FWB. 
Mixed outs ide  a i r  and return a i r  leaving ~ r i m a r v  cool in^ 
. . 
c o i l  a t  40°F saturated. 
Return a i r  ( a t  VAV FCIU terminals)  leavinp terminal coolinp 
c o i l  a t  6h°FDB. 5S0FWEI. 
Supply a i r  (mixed primary and terminal-cooled return a i r ) ,  
61°FDU, 53.3"FWU. 
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F i g .  2  WAC s y s t e m  p r o c e s s  
( W e s t m i n s t e r  M a l l  A d d i t i o n ,  W e s t m i n s t e r ,  C o l o . )  
l i n g  s y s t e m  s u p p l y i n g  i c e - c h i l l e d  43.6OF p r i m a r y  
a i r  t o  a l l  c o n d i t i o n e d  z o n e s  on  a l l  f l o o r s .  
3 )  A VAV f a n - c o i l  i n d u c t i o n  t e r m i n a l  i n  e a c h  zone .  
which  m i x e s  t h e  c o l d  p r i m a r y  a i r  w i t h  l o c a l l y  
r e c i r c u l a t e d  a i r  and s u p p l i e s  t h e  mixed a i r  a t  
a  c o n s t a n t  volume ( 1 . 0  c fm/sq  f t )  t o  t h e  occu- 
p i e d  z o n e .  The l o c a l l y  r e c i r c u l a t e d  a i r  i s  
c o o l e d  i n  t h e  f a n - c o i l  i n d u c t i o n  u n i t ,  w i t h  58OF 
c h i l l e d  w a t e r ,  p r i o r  t o  m i x t u r e  w i t h  t h e  p r i m a r y  
a i r .  
The  small q u a n t i t y  o f  v e r y  c o l d  p r i m a r y  a i r  pro- 
v i d e s  100% o f  t h e  d e h u m i d i f i c a t i o n  a n d ,  o v e r a l l ,  56% 
o f  t h e  HVAC r e q u i r e m e n t ;  44% is h a n d l e d  a t  t e r m i n a l s  
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w i t h  t h e  h i g h - t e m p e r a t u r e  c h i l l e d  w a t e r  p roduced  a t  
a  h i g h e r  c h i l l e r  COP. The  s y s t e m ' s  t o t a l  c o o l i n g  
c a p a b i l i t y  is 249 t o n s .  
The s y s t e m  is d e s i g n e d  t o  o p e r a t e  d u r i n g  t h e  
w i n t e r  a s  a h e a t  pump, s i m u l t a n e o u s l y  p r o d u c i n g  ice 
f o r  day c o o l i n g  and h o t  w a t e r  f o r  h e a t i n g  t h e  b u i l d -  
i n g  d u r i n g  t h e  u n o c c u p i e d  n i g h t  h o u r s .  
As shown i n  t h e  p s y c h r o m e t r i c  c h a r t  and d i a g r a m  
i n  F i g .  3, o u t s i d e  a i r  e n t e r s  a t  95OFDB, 76OFW ( 1 )  . 
and is mixed i n  t h e  c e n t r a l  a i r  h a n d l e r  w i t h  r e t u r n  
a i r  ( 3 ) .  The  mixed a i r  e n t e r s  t h e  p r i m a r y  c o o l i n g  
c o i l  a t  82.8"FDB, 67.4"FWB and  i s  c o o l e d  by ice- 
c h i l l e d  w a t e r  t o  40°FDB, 40°FWB ( 4  t o  5) .  P r i m a r y  a i r  
l e a v e s  t h e  a i r  h a n d l e r  a t  43,6OFDB, 41S°FWB (6) and  
is s u p p l i e d  to  VAV f a n - c o i l  i n d u c t i o n  t e r m i n a l s .  A l s o  
e n t e r i n g  t h e  t e r m i n a l s  is l o c a l l y  r e c i r c u l a t e d  a i r  
t h a t  is s e n s i b l y  c o o l e d  i n  t h e  t e r m i n a l s ,  w i t h  58°F 
c h i l l e d  w a t e r ,  t o  65"FDB, 59'FWB ( 7 ) .  P r i m a r y  and 
r e c i r c u l a t e d  a i r  a r e  mixed i n  t h e  t e r m i n a l  ( 8 )  and 
s u p p l i e d  t o  t h e  s p a c e  ( 9 )  a t  62.8OFDB, 57OFWB. I n s i d e  
s p a c e  c o n d i t i o n s  are m a i n t a i n e d  a t  75OFDB, 62.5"FWB 
( 2 ) .  
Based  on d e s i g n  d a t a ,  t h e  e n e r g y - i n t e g r a t e d  ice 
s t o r a g e  HVAC s y s t e m  a t  G a y f e r s  S t o r e  a c h i e v e s  a s a v -  
i n g s  oE $ 5 0 , 0 0 0  i n  a n n u a l  e n e r g y  c o s t .  T h e s e  s a v i n g s  
a r e  based  on ( 1 )  s h i f t i n g  demand t o  o f f - p e a k  h o u r s  
( ice-making f o r  p r i m a r y  a i r  c o o l i n g )  and  ( 2 )  i n c r e a s -  
i n g  t h e  COP o f  d a y t i m e  c h i l l e r  o p e r a t i o n  by p r o d u c i n g  
c h i l l e d  w a t e r  a t  a n  e l e v a t e d  t e m p e r a t u r e  f o r  t e r m i n a l  
s e n s i b l e  c o o l i n g .  
F i r s t  c o s t  s a v i n g s  o f  80% i n  t h e  p r i m a r y  a i r  
d i s t r i b u t i o n  s y s t e m  ( d u c t w o r k ,  a i r  h a n d l e r )  e n h a n c e  
t h e  p r a c t i c a l i t y  of  i n v e s t i n g  i n  ice-making  e q u i p m e n t .  
O v e r a l l ,  t h e s e  f i r s t  c o s t  s a v i n g s  p l u s  t h e  b a l a n c e  
between p r i m a r y  a n d  s e c o n d a r y  c o o l i n g  ( s i z e  o f  ice- 
b u i l d e r s  v e r s u s  day u t i l i t y  c h a r g e s )  p l u s  t h e  improv- 
ed e f f i c i e n c y  of  d a y t i m e  s e n s i b l e  c o o l i n g  a c h i e v e  a 
payback o f  f o u r  y e a r s  on  t h e  f i r s t  c o s t  i n v e s t m e n t  
i n  t h e  ice t h e r m a l  s t o r a g e  s y s t e m  ( o v e r  t h e  cost o f  
a c o n v e n t i o n a l  a l l -a ir  HVAC s y s t e m ) .  
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